Twenty-one exopolysaccharide-producing strains were isolated from the 5-20 pm fraction of a vertisol in the south-east of the island of Martinique in the French West Indies. Although these strains were phenotypically identified as Burkholderia cepacia or as Burkholderia glafhei using BIOLOG microplates, they did not cluster genotypically by amplified rDNA restriction analysis (ARDRA) with any described Burkholderia species. A phylogenetic analysis revealed that the rrs (165 rDNA) sequences of three representative strains clustered in a single branch within the genus Burkholderia and distantly from all of the previously described species of Burkholderia for which rrs sequences were available. DNA-DNA hybridization data as well as phenotypic analyses indicated that the 21 isolates represented a single and new species for which the name Burkholderia caribensis sp. nov. is proposed (type strain MWAP64T = LMG 1853IT).
INTRODUCTION
Almost 80 years after the first description of the genus Pseudornonas (Migula, 1894) , this genus was divided into five groups (Palleroni et al., 1973) . This division was based mainly on extensive phenotypic studies, and DNA-rRNA and DNA-DNA hybridization experiments (De Vos et al., 1985; Palleroni et al., 1973; Palleroni, 1984 Palleroni, , 1992 . In a recent review on analysis of rrs (16s rDNA) sequences, it was shown that several sequences of species formerly described as Pseudornonas must be distributed to three of the five subclasses of the Proteobacteria (Kersters et al., 1996) . The ysubclass includes the authentic genus Pseudornonas that contains the type species Pseudomonas aeruginosa and related species such as Pseudomonas jluorescens.
The a-subclass includes several misnamed Pseudornonas species. Two of these species were transferred to the new genus Brevundirnonas (Segers et al., 1994) as Brevundirnonas dirninuta and Brevundirnonas vesicularis, and Pseudornonas paucirnobilis was transferred to the genus Sphingornonas (Yabuuchi et al., 1990) . The family Cornamonadaceae, including the genera Acidovorax, Cornamonas and Hydrogenophaga, belongs to the /?-subclass together with the genera Burkholderia (Yabuuchi et al., 1992) and Ralstonia (Yabuuchi et al., 1995) .
Using a polyphasic taxonomy approach (Brett et al., 1998; Gillis et al., 1995; Urakami et al., 1994; Vandamme et al., 1997 ; Viallard et al., 1998 ; Yabuuchi et al., 1992; Zhao et al., 1995) , the genus Burkholderia was recently restricted to 17 species, including a newly described root-associated nitrogen-fixing species Burkholderia vietnarniensis (Gillis et al., 1995) , other rootassociated species Burkholderia vandii (Urakami et al., 1994) and Burkholderia grarninis (Viallard et al., 1998) , and the recently described Burkholderia multivorans (Vandamme et al., 1997) (Brett et al., 1998 (Yabuuchi et al., 1995) .
During the last 10 years, several laboratories have focused their attention on Burkholderia cepacia (type species) due to its abundance in soil, in the plant rhizosphere and in clinical habitats (Hebbar et al., 1992a; Yohalem & Lorbeer, 1994) . These studies were stimulated by a semi-selective medium (PCAT) (Lumsden & Sasser, 1986) which facilitates the screening of strains for their ability to degrade polycyclic aromatic hydrocarbons (Mueller et al., 1997) or for their potency to antagonize soil-borne phytopathogens (Hebbar et al., 1992b) . Besides the ability to grow on PCAT medium, phenotypic identification (e.g. by GC-FAME and BIOLOG microplates) and genotypic identification (e.g. by rrs sequencing and/or DNA-DNA hybridization) are needed to clarify the taxonomic position of many strains grouped with B. cepacia (Mueller et al., 1997) .
The objective of this study was to identify bacterial populations that are responsible for the formation of microaggregates in a vertisol on the island of Martinique. Vertisols are characterized by a very high clay content. In these soils, microaggregation results mainly from the fact that bacterial colonies embedded in their exopolysaccharides (EPS) are covered with clay particles (Tisdall, 1994) . To isolate these microaggregate-forming bacteria, we prepared a soil fraction rich in microaggregates (5-20 pm) and selected bacteria for their EPS production. The phylogenetic position of the major EPS-producing bacterial species isolated from this soil fraction was determined according to rrs sequence analysis. To address the question of their taxonomic position, amplified rDNA restriction analysis (ARDRA), DNA-DNA hybridization and phenotypic analysis were performed.
METHODS
Strain isolation. Samples from bulk vertisol were collected in the south-east of the island of Martinique in the French West Indies. The site has been under permanent grassland (Digitaria decumbens) vegetation.
EPS-producing bacteria were isolated from the 5-20 pm fraction on sugar-enriched media. Physical soil fractionation was done as described by Kabir et al. (1994) . Several carbohydrates (glucose, sucrose, mannitol, sorbitol, xylose, mannose, arabinose and maltose) were used at high concentration (20 g 1-' ) as carbon source for bacterial growth and EPS synthesis. The strains investigated in this study and their origin are listed in Table 1 . The type strain of B. graminis C4D 1 M was provided by J. Balandreau (Viallard et al., 1998) .
Growth conditions and biochemical characterization. The strains were purified on trypticase soy agar (TSA; Difco). They were grown overnight on modified LB medium (1-': 10 g Tryptone, 5 g yeast extract, 5 g NaC1) at 28 "C and phenotypically identified with BIOLOG GN microplates and Microlog release 3.5 software. To increase the number of biochemical characters, BIOLOG GP microplates for Gram-positive bacteria and API 20 NE strips (bioMerieux) were also used.
DNA amplification. Ten microlitres of water-washed suspension of cultures (OD,,, 0.5) were used for PCR amplification. rrs (1 6s rDNA) genes were amplified using a pair of universal primers (fdl and rdl) corresponding to positions 8-27 and 1524-1 540, respectively, on the Escherichia coli rrs sequence. The reaction mixture containing bacterial cells was heated at 95 "C for 4min before the addition of thermoresistant DNA polymerase. PCR consisted of 30 cycles (denaturation at 94 "C for 1 min, annealing at 55 "C for 1 min and extension at 72 "C for 2 min). The final extension was at 72 "C for 3 min. PCR product direct sequencing. PCR products were purified on a 1 % low-melting-point agarose gel and directly sequenced according to the protocol of Anderson et al. (1992) . Seven primers were used in the sequencing reaction. These primers corresponded to the following positions in the E. coli rrs sequence: primer S3 (position 242-262), S6 S15 (1384-1400) and S17 (1493-1509). Sequence reaction mixtures were subjected to electrophoresis on a 6 % (w/v) polyacrylamide sequencing gel in a Beckman Genomyx DNA sequencer.
Phylogenetic analysis. rrs sequences from strains MWAP64T, MWAP71 and MWAP84 were aligned and analysed by comparison to a personal database of already aligned and classified sequences (about 7000). The new sequences were manually aligned over more and more divergent domains as successive phylogenetic analyses (neighbour-joining) assigned these sequences to more precise clades. When a definitive identification to Burkholderia was obtained, three phylogenetic methods were used to assess very precisely the exact phylogenetic position of these sequences : the neighbour-joining method of Saitou & Nei (1987) , the maximumlikelihood method (options QFYG; FDNAML program of G. J. Olsen, University of Illinois, Urbana, IL, USA) and the maximum-parsimony method [PAUP program of D. Swofford (phylogenetic analysis using parsimony, version 3 .O, distributed by the Illinois Natural History Survey, Champaign, IL, USA) for the Macintosh, heuristic search)]. The robustness of each topology was checked with the neighbour-joining method and 500 bootstrap replications using a Kimura two-parameter correction for computing distances. Trees were drawn with the NJPLOT program for the Macintosh (M. Gouy, CNRS UMR 5558, Universite Claude Bernard, Lyon, France). Because all the sequences of strains shown in Fig. 1 are closely related, almost the entire sequences could be used to construct the dendrogram (positions 1 15-1 376, E. coli numbering).
(518-534), S8 (684-702), S10 (906-925), S12 (1099-1 114), W. Achouak and others DNA-DNA hybridization. Genomic DNAs were extracted from the isolates and purified (Brenner et al., 1982) . DNA purity was monitored by measuring absorbance at 230,260 and 280 nm (Genequant, Pharmacia). Genomic DNAs were sheared by sonication to produce a mean fragment size of 0.4 kb. DNA was labelled with [1',2',5-3H]dATP (Amersham) by nick translation with a commercial kit as recommended by Amersham. Labelled DNAs were prepared from strain M WAP64'. DNA reassociation experiments were performed in triplicate in 300 pl 0.42 M NaCl containing 75 pg sheared, denatured unlabelled DNA and 0.07 pg denatured labelled DNA, under stringent conditions (70 "C) according to the S1 nuclease-TCA method (Crosa et al., 1973; Grimont et al., 1980) . DNA base composition. The G + C content of strain MWAP7 1 was determined by the thermal denaturation method (Marmur & Doty, 1962) and was calculated by using the equation of Owen & Lapage (1976) .
RESULTS AND DISCUSSION

Localization and phenotypic identification of the major EPS-producing MWAP strains
After fractionation of the vertisol, total cultivable bacteria were counted on tenfold-diluted TSA medium in different fraction sizes : < 5 pm, 5-20 pm, 20-50 pm, 50-250 pm and > 250 pm. The 5-20 pm fraction was described by Kabir et al. (1994) as the bacteriaenriched fraction in this soil. This was confirmed in this study and the cultivable bacteria population was estimated to be 5 x lo7 c.f.u. (g dry soil)-' in the 5-20 pm fraction. The 21 MWAP strains that were isolated from the 5-20 pm fraction of the vertisol were identified as B. cepacia or as B. glathei by using BIOLOG Gram-negative microplates.
ARDRA
The rrs gene of the 21 MWAP strains and the 11 type strains of Burkholderia species were mapped with 12 restriction enzymes. The 21 MWAP strains provided exactly the same profiles with the tested restriction enzymes and belonged to a single ARDRA group. However, differences were observed with previously described species of Fig-1 . Unrooted phylogenetic tree of Burkholderia 165 rDNA sequences. This topology was obtained using all known complete or almost complete sequences from Burkholderia strains (see Table 1 ). The topology shown was obtained by neighbour-joining, the percentage values indicating the results of a bootstrap analysis (500 replications, only values above 50% are indicated). Congruences with maximum-likelihood and maximum-parsimony analyses are shown by * (P < 0.01 for ML) and + , respectively. shown) and, more precisely, to the /?-subclass. More detailed analyses showed that they were included in the Burkholderia genus. Three phylogenetic methods were then used (neighbour-j oining, maximum-li keli hood and maximum-parsimony), each of which grouped all of the Burkholderia sequences in a monophyletic taxon. All three MWAP strains formed a robust monophyletic unit (Fig. 1) . Although we did not perform extensive DNA-DNA hybridization with each recognized Burkholderia species, such analyses were done for the most closely related species (Table 2) . MWAP strains can be considered as a new species, different from the other Burkholderia species for the following reasons : (i) they constitute a line of descent that cannot be grouped with any recognized species, (ii) they show rrs sequence divergence of more than 3 % from any recognized species (Stackebrandt & Goebel, 1994) and (iii) they have a very low level of DNA-DNA similarity with type strains of phylogenetically related species. Phylogenetically, B. caribensis is included in a robust clade containing two recognized species (B. phenazinium and B. graminis) and several strains not yet recognized as species, among which are Burkholderia sp. strain LB400, a polychlorinated biphenyl-degrading strain (U86373), and Burkholderia sp. strains N3P2 (U37344) and N2P5 (U37342), phenanthrene-degrading bacteria (Mueller et al., 1997) . The robustness of the clade suggests that other strains of this cluster may have similar degrading properties. Finally, except for strains N2P5, SAP I1 (AF052387) and B. caribensis strains, not even two of the other sequences could be grouped in a robust subclade, suggesting that they may all be different species (Fig. 1) .
DNA-DNA hybridization
Values for DNA-DNA reassociation data are shown in Table 2 . High levels of DNA homology were detected between strains MWAP64T, MWAP84, MWAP53 and MWAP71 (ranging from 74 to 105 %).
In contrast, the DNA hybridization values between MWAP strains and the type strains of B. cepacia, B. graminis and B. glathei were low and ranged from 1 to 20% (Table 2) .
Phenotypic and physiological characteristics of MWAP strains
The 21 MWAP strains were Gram-negative, pleiomorphic rods, 1-2 pm long and 0.5 pm in diameter. They formed smooth white colonies with regular edges when grown overnight on TSA medium at 28 "C and mucoid colonies due to EPS production on sugarenriched media. No production of diffusible or fluorescent pigment on TSA and Pseudomonas F agar media was observed. On PCAT medium, these strains formed white colonies, smaller than those of B. cepacia. Optimal growth was observed at 28 "C. Table 3 shows the biochemical characters tested on BIOLOG G N and GP microplates which differentiated MWAP strains from the following closely related Burkholderia species (as defined according to rrs sequencing and ARDRA data): B. glathei, B. graminis, B. phenazinium, B. caryophylli and B. andropogonis.
Conclusion
Besides the proposal of a new name, Burkholderia caribensis sp. nov., two major conclusions on habitat and activity of this species can be drawn : (i) because of the physical fractionation of soil samples and the selection of the 5-20 pm fraction for isolation steps, it can be concluded that strains of this species were present in the core of microaggregates, and (ii) it constituted the dominant cultivable population in this soil fraction as revealed on carbon-rich medium. Unlike most of the Burkholderia strains isolated from various environments, the Burkholderia strains described in this study were not isolated on PCAT medium. The main objective of this study was to isolate the dominant EPS-producing bacterial species and not especially Burkholderia strains. However, these strains were able to grow on PCAT medium as most of the Burkholderia species did. The capacity of each strain of this species to produce high amounts of EPS on carbon-rich medium was confirmed in pure cultures supplemented with various carbohydrates.
Several phenotypic characteristics differentiated the MWAP isolates from the most closely phylogenetically related Burkholderia species (B. glathei, B. graminis, B. phenazinium, B. caryophylli and B. andropogonis) . The MWAP isolates were unable to oxidize malonic acid on BIOLOG G N microplates, in contrast to the five tested Burkholderia species. According to rrs sequence analysis, B. graminis was the most closely related species (97 % similarity) and eight biochemical characters enabled differentiation of this species from MWAP strains : oxidation of sucrose, D-raffinose, a-ketolnterna tional Journal of Systematic Bacteriology 49 Table 3 . Biochemical characters that differentiate B. glathei, B. andropogonis, B. caryophylli (Table 3 ).
The data from rrs sequences, ARDRA and DNA-DNA hybridization revealed that these EPS-producing bacteria formed a monophyletic unit in the genus Burkholderia. rrs sequence divergence, DNA-DNA hybridization data and biochemical characters allow the description of a new species for which we propose the name Burkholderia caribensis sp. nov.
Description of Burkholderia caribensis sp. nov.
Burkholderia caribensis (ca.ri.ben'sis. M.L. adj. caribensis pertaining to the Caribbean Islands, named after the once-indigenous Caribe Indians, where the strains were isolated).
Cells are short rods (1-2 x 0-5 pm), Gram-negative, motile and pleiomorphic in actively growing cultures (LB medium). Cells produce large amounts of EPS when grown on sugar-enriched agar media (2% glucose, xylose, fructose, sorbitol, arabinose, xylose, mannitol or inositol). Colonies are about 3 mm in diameter after 24 h incubation on tenfold-diluted TSA medium at 28 "C. They are white, smooth and mucoid. No diffusible or fluorescent pigment was observed.
Oxidase, catalase, urease, arginine dihydrolase and p- 
